In this paper, bulk drag coefficient in rigid dense vegetation is investigated mainly by using a three dimensional numerical simulation model CADMAS-SURF/3D by incorporating Immersed Boundary Method to calculate flow around the vertical cylinder in the Cartesian grid. Large Eddy Simulation is also incorporated as a turbulence model. Firstly, validation of the developed model is conducted with a single cylinder in the flow field based on literature. All the results obtained here (Re=300, 3,900 and 8,000) show good agreement with the reference data in literature. After the validation, multiple cylinders are allotted in three different densities (S/D=2.8, 2.0, 1.4) in a numerical wave tank and numerical simulations are conducted to investigate bulk drag coefficient. The result shows that the ratio of bulk drag coefficient to drag coefficient, which represents a reduction, is not just a function of density but a function of parameter 2a/S, in which 2a is stroke of the motion and S is cylinder distance. 2a is less than S, the effect of the density is neglected because the wake does not reach the other cylinders even when the density is high. On the contrary, it might affect the ratio of bulk drag coefficient to drag coefficient when the stroke of the motion is larger than the cylinder distance even when the density is low. In general, the ratio of bulk drag coefficient to drag coefficient decreases when 2a/S increases.
INTRODUCTION
The function of coastal vegetation as shoreline defenses is attracting engineers' attentions with an increasing interest in sea level rise and the increasing importance of eco-or soft-engineering for coastal engineering in recent times. Coastal vegetation such as mangrove forests and salt marshes affords coastal protection by reducing wave energy. An important process is wave energy dissipation due to the cylindrical structures that vegetation forms. The vegetation imposes drag and friction forces on the water motion, which results in energy loss in waves. Understanding the hydraulic processes in vegetation fields is important for the protection of highly populated areas behind it, for the preservation of the vegetation as well as for the estimation of erosion potential in and around the vegetation.
However, the wave dissipation effect in vegetated fields has not been fully clarified yet. To understand the wave dissipation, it would be important to understand bulk drag coefficient appropriately, which is strongly related to turbulence structure in multiple cylinders in the waves. It is not a trivial task to obtain bulk drag coefficients in different hydraulic and vegetation conditions without calibration but it is assumed to be possible for a case of a simple array of rigid cylinders. Looking into practice, many authors (e.g. Iimura et al. 2007 , Narayan 2009 , de Oude et al. 2010 supposed bulk drag coefficient of vertical rigid cylinders to be 1.0 in the case of a simple cylindrical array (e.g. Mangrove forest) in subcritical flow regime Reynolds number. This value, C D =1.0, is decided based on flow conditions and is being applied for wave conditions. This choice though practical, lacks background theories which support this value. For instance, drag coefficient of single cylinder in planar oscillations varies from 0.5 to 2.5 according to Sarpkaya (1976) and is quite sensitive to hydraulic parameters such as Reynolds number, Keulegan-Carpenter number and beta (frequency parameter). Not only that, the value can be different in the case of multiple cylinders. For example, according to experimental studies by Heideman and Sarpkaya (1985) , drag coefficient in an array of cylinders is smaller than the drag coefficient for a single cylinder in an oscillatory flow. Nepf (1999) also shows that the bulk drag coefficient in a flow changes drastically with different cylinder density. Massel et al. (1999) propose an estimation method to calculate bulk drag coefficient depending on mangrove density by using a modification parameter based on the drag coefficient in SPM (1984) . Considering these results, it is assumed that bulk drag coefficient in an array of cylinders under wave condition is smaller than for a single cylinder. Mangrove forests and salt marshes are often densely vegetated, so it would be important to understand bulk drag coefficient in dense vegetation conditions under wave conditions, which may not be the same as drag coefficient in a single cylinder.
In this paper, the relationship between bulk drag coefficient and cylinder density based on hydrodynamics in multiple cylinders is investigated.
To this end, a three-dimensional numerical simulation based on Navier-Stokes equation is supposed as being useful, since a physical experiment often has some limitations for measurements in such dense vegetation. As a numerical model, the three-dimensional VOF model CADMAS-SURF/3D (Arikawa et al., 2005 , Arikawa et al., 2007 developed by P.A.R.I. -whose usefulness in vegetation studies was suggested by Suzuki et al. (2009) -is used in this study. However, the wake of a circular cylinder was not fully represented by the porous model approach and the coarse grids in Suzuki et al. (2009) . In order to improve the calculation of the hydrodynamics around the circular cylinder, Immersed Boundary Method (e.g. Baralas 2004 , Peskin 1972 ) which can deal with arbitrary boundaries in a Cartesian grid, and Large Eddy Simulation (e.g. Christensen and Deigaard 2001, Suzuki and Okayasu 2004 ) as a turbulence model are incorporated in this study. By using these methods, the relationship between bulk drag coefficients and density, which supposes to be crucial to the estimation of the wave dissipation by vegetation, is studied.
MODEL

Immersed Boundary Method
Immersed Boundary Method has been developed to calculate flow around an arbitrary shape in a Cartesian grid. This method was originally introduced by Peskin (1972) and is used to investigate the interaction of flow and structure. Since then, some different methods have been proposed to calculate the force around a structure. One of them is to use feedback forcing (Peskin 1972 , Briscolini 1989 , Goldstein et al. 1993 , and the other one is to use direct forcing (Mohd-Yusof 1997 , Fadlun et al. 2000 , Balaras 2004 , Yang and Balaras 2006 . In this study, the direct forcing method as used in Balaras (2004) is applied.
Advantages in applying Immersed Boundary Method in this study are 1) easy to incorporate into existing models such as the CADMAS-SURF/3D, 2) applicable to multiple cylinders whereas body fitted curvilinear grid is not suitable to them, 3) can be extended to the study of flexible plants and 4) easy to create the calculation grid because of the Cartesian grid as opposed to an unstructured grid which takes a lot of time to produce.
The calculation method for a fixed circular cylinder in this study is as follows. First, each velocity calculation point in the Cartesian grid is divided into three categories, namely, one inside the cylinder, one outside the cylinder and one outside the cylinder but on a tangent to the cylinder surface. The velocity point in the last category is called Ghost cell (point G), which is the interpolation point shown in Figure 1 and Figure 2 . Next, a normal line from point G to the cylinder surface is drawn and the cross point is set as point A in which the velocity value is zero. Subsequently, the position of point I is decided by the method described in Balaras (2004) and the value of point I is calculated by a standard bilinear interpolation using the values of point B, C, D. Finally the velocity at point G is decided based on the wall modeling as shown in Figure 3 and described in the following equations. After that, the interpolated velocity is used to calculate the external body force on the immersed boundary. Thus an external body force is designed to enforce the proper boundary conditions on a circular cylinder in the Cartesian grid in this study. Note that the interpolation scheme here is two-dimensional because the shape of the circular cylinder which is used in this study is uniform along the vertical axis. 
Turbulence model
To predict instantaneous flow characteristics around a cylinder, which is important to obtain appropriate bulk drag coefficient, a turbulence model Large Eddy Simulation is incorporated into CADMAS-SURF/3D. Smagorinsky model (Christensen and Deigaard 2001, Suzuki and Okayasu 2004 ) is selected as the SGS (Sub grid scale) model in this study. The eddy viscosity is shown as follows.
where C s is the Smagorinsky constant and set as 0.10 in this study.
Basic equations
A VOF model CADMAS-SURF/3D based on the three dimensional Navier-Stokes equation has been applied to this study. This model can deal with the effects of free surface and wave breaking, and provide information of water surface elevation, wave velocity, wave acceleration and wave pressure for each cell. This model is programmed to be able to conduct a parallel computation.
The basic equations including the Immersed Boundary Method and Large Eddy Simulation are as follows.
The continuity equation:
The momentum equation:
where t is time, x, y, z are the coordinates, u, v, w are the large scale velocity vector, ρ is the water density, p pressure, ν e the kinematic viscosity (summation of the molecular viscosity ν and eddy viscosity ν t ), g is the gravitational acceleration, γ v is the porosity, and γ x , γ z , γ z are the permeability. f x , f y are external force in Immersed Boundary Method. S p , S u , S v , S w are source terms for wave generation. λ v , λ x , λ y , λ z are expressed by using the inertia coefficient C M as below:
(1 )
R x , R y and R z are resistance terms for a porous structure:
where Δx, Δy, Δz are the size of the calculation grid, and C D is the drag coefficient. In this study, the effect of λ and R are not included since there is no porous media in this study.
As a time integration method, the second-order explicit Adams-Bashforth scheme is incorporated into CADMAS-SURF/3D so as to keep second-order accuracy for time domain as used in spatial domain. In this case, to maintain the accuracy, each time step dt is fixed in the calculations. The equation is as below.
where n is step, ADV and DIFF are advection terms and diffusion terms respectively.
VALIDATION OF THE MODEL
A lot of physical experiments and numerical simulations about flow around a circular cylinder have been carried out that seem suitable for validation of this model. In this section, the numerical experiments are compared with results from literature.
Flow with Re=300
To validate the current model, a case of three dimensional flow around a circular cylinder with Re=300 is selected since several numerical experiment results are available in literature (Mittal and Barachander 1997, Kravchenko et al. 1999 ). These numerical simulations use body fitted grids. Specifically drag coefficient, root-mean-square lift coefficient and Strouhal number are investigated in this validation. The entire boundary flow regime in the Ghost cell in this case is sub-viscous layer, so the relationship between u + and z + is as shown in Equation (1).
A numerical open channel is developed to conduct numerical experiments. The length, width and height are 0.96 m (32 D; D=0.03 m is a diameter of a cylinder located in the numerical open channel), 0.51 m (17 D), 0.18 m (6 D), respectively. In this case Re=300, vortex shedding in the turbulent wake regime (i.e. Re>200) occurs along the length of the cylinder (Sumer and Fredsøe 2006) . According to Gerlach and Dodge (1970) , the correlation length is 2-3 D in the flow with 150<Re<10 5 . Therefore the numerical channel is set as three-dimensional and takes 6 D in the vertical axis as being enough to accommodate the three-dimensional effect. The grid size near the cylinder is 0.001 m, and the total number of grid points is 336  192  60=3,870,720. The grid size is fine around the cylinder and coarser for the region away from the cylinder. In this case, VOF model is not used because there is no water surface in this calculation. The velocity of the inflow from the boundary is 0.01 m/s with perturbation. A slip boundary condition is applied to the side wall and a convective boundary condition is used at the outflow boundary as shown in Equation (12). Statistics are computed by averaging in time over 12 shedding cycles. Table 1 shows the result of this numerical simulation, which are averaged drag coefficient, rootmean-square lift coefficient and Strouhal number. As shown in the Table 1, it is confirmed that the result in the present study is almost the same as the results from literature (Mittal and Barachander 1997 , Kravchenko et al. 1999 , Balaras 2004 . The variation of the lift and drag coefficients with time is shown in Figure 4 . These have same tendency with the result shown in Balaras (2004) . Mean velocity profiles and time averaged velocity fluctuations at three downstream locations from the cylinder center shown in Figure 5 also correspond to the results of spectral simulations in Mittal and Balachandar (1997) .
From these results, it can be concluded that the present model has the ability to represent the flow conditions when the Reynolds number is 300. 
Flow with Re=3,900 and 8,000
The case with Re=300 is successful though the Reynolds number is still relatively low. To make sure the result is valid for relatively high Reynolds number, two other cases are additionally conducted. One is for Re=3,900 and the other one for Re=8,000. The inflow velocities are changed to adjust the Reynolds number, and the other conditions remain the same. In these cases, the number of grid points across the boundary layer becomes less compared to the case with Re=300 as the flow becomes faster. Therefore the boundary flow regime in the Ghost cell in this case is not always sub-viscous layer, but also buffer layer and Log-law region. Each boundary condition is decided by the flow velocity and distance between the calculation point and the cylinder surface. Table 2 shows the result of drag coefficient and Strouhal number in Re=3,900. As shown in Table 2 , it is also confirmed that the present result is in good agreement with the results in literature (Norberg 1994, Blackburn and Schmidt 2001) in terms of averaged drag coefficient and Strouhal number. The differences are within 5 %. Figure 6 shows distribution of average velocity in the center line behind the cylinder (left) and Reynolds normal stress in cross-sectional line at 6 different points behind the cylinder (right). As for the average velocity, numerical results obtained in this study and Laurenco and Shih (1993) are in good agreement with data from 0.5 x/D to 2.0 x/D. The tendency is slightly different in the range 2.0 x/D to 3.5 x/D, however, the numerical result matches with that of Ong and Wallace (1996) . In the range 3.5 x/D to 4.2 x/D, the numerical results are fitted to both Laurenco and Shih (1993) and Ong and Wallace (1996) . Since there are some gaps even between these flume experimental results, it can be said that the result obtained here is in good agreement with experimental data. As for the result of Reynolds normal stress, a slight difference can be seen between numerical results and experimental results but in general their tendency is the same. Table 3 shows the results for drag coefficient and Strouhal number in Re=8,000. In this case, the resolution to a boundary layer is more rough compared to Re=3,900 as the inflow velocity is faster. However, this result is still also reasonably fitted to the reference data in Sumer and Fredsøe (2006) . Note that there is no measurement data which can be compared to this study for velocity field as far as we know.
From the results shown above, it can be concluded that the model in this study, the present model can reproduce the flow around a cylindrical structure and drag coefficient in a Cartesian grid properly even though the Reynolds numbers of these cases (Re=3900 and 8,000) are rather higher than the ones in Balaras (2004) . 
BULK DRAG COEFFICIENT
Numerical experiment
In the last section, it was shown that the present model can reproduce the flow around a cylinder and the force acting on the cylinder. Therefore, it is assumed that the present model is capable of reproducing the flow in multiple cylinders under wave condition. In this section, bulk drag coefficient over multiple cylinders under wave condition is investigated.
A numerical wave channel is developed to conduct the numerical experiments. The length, width and height are 16.0 m, 0.5 m and 0.15 m, respectively. The diameter of each cylinder is 0.05 m and height is 0.08 m. The cylinders are allotted in three different densities in the numerical wave channel as shown in Figure 7 . The densities are S/D=2.8, 2.0 and 1.4 respectively (S represents the distance between cylinders and D is diameter of a cylinder). and n=1.0 for the three cases (n in the figure represents ratio of longitudinal to lateral low spacing). The total number of grids is 800  100  15=1,600,000. The water depth is set as 0.10 m, the incident wave height is 0.02 m and wave period is 2.0 s at the wave boundary. The wave height is set relatively small to avoid the influence of breaking and also to be able to apply the small amplitude theory for analysis. A 4 m width sponge layer is introduced at the end of the wave channel to decrease the effect of the reflection from the end of the boundary. In this case, VOF model is used for the water surface and to evaluate wave energy dissipation through multiple cylinders by wave height attenuation.
Measurements of the water surface elevations are conducted along the longitudinal center line of the wave flume for 68 points. For each run, 3 consecutive waves are selected for analysis after a time at which a stable incident wave arrived at each wave gauge. The wave heights in front of and behind the multiple cylinders are calculated by the spatial averages. Specifically, the incident wave heights are calculated by the average of the wave heights in front of the multiple cylinders and the attenuated wave heights behind the multiple cylinders are calculated by the average of the wave heights in one wave length where the wave height distribution becomes stable. Finally bulk drag coefficient is calculated based on wave height differences and distance of the multiple cylinders. Table 4 shows results for bulk drag coefficients in different densities along with a single drag coefficient when KC=5, Re=6,250 and beta=1,250. The single drag coefficient is obtained by a numerical simulation with a cylinder placed in the center of the numerical wave channel. The drag coefficient is calculated by a least square method like in Sumer and Fredsøe (2006) , and the result corresponds to the value obtained by Sarpkaya (1976) in his physical experiment. As for the bulk drag coefficient in the multiple cylinders, the value for S/D=2.8 and S/D=2.0 were almost the same as the drag coefficient of a single cylinder. However when the density reaches to S/D=1.4, the bulk drag coefficient decreases by 13 %. 
Discussion
According to Massel et al. (1999) , decrease of the drag coefficient by multiple cylinders is a function of density and Reynolds number. However, the bulk drag coefficients obtained in this study do not change so much even when the spatial densities of these cases are quite high. Only the bulk drag coefficient with the case of S/D=1.4 decreases slightly.
Since the number of obtained numerical simulation results is limited for 3 cases and the data consist of only one KC number (KC=5), flume experiment data obtained by the first author are added to this analysis. Figure 9 shows the bulk drag coefficients from the numerical simulation in the present study (low KC number), bulk drag coefficients from the flume experiment (high KC number) and the bulk drag coefficient lines from Nepf (1999) . The vertical axis represents the bulk drag coefficient of multiple cylinders divided by drag coefficient of single cylinder in order to evaluate the effect of the interference of cylinders. The horizontal axis is a dimensionless population density (ad is equal to D 2 /S 2 ). The numerical simulation results and the flume experiment results are obtained under wave conditions and Nepf (1999)'s results are obtained under flow conditions. The results of Nepf (1999) indicate that bulk drag coefficient is a function of density (ad) and cylinder array (n) for a steady flow case. From the result of the numerical simulation and the flume experiment, it can be said that bulk drag coefficient in multiple cylinder is related not only to density but also KC in case of wave conditions. It seems that the bulk drag coefficients become small when KC becomes large. To obtain more insights into the nature of the bulk drag coefficient, a parameter 2a is introduced here. 2a represents stroke of the motion which is shown in Equation (13) by using the small amplitude theory. Since KC is described as Equation (14) also by using the small amplitude theory, 2a is expressed as Equation (15). From the equation, it is found that 2a is linearized by KC when D is fixed. Figure 9 is a redraw of wave condition data in Figure 8 , which uses non-dimensional parameter 2a/S in x-axis. As can be seen in Figure 9 , the numerical results and the flume experimental results are on a same trend, in which the ratio of bulk drag coefficient to drag coefficient become small when 2a/S increases. The trend seems to start from 2a/S=1. Therefore, even when the density is very big, the ratio of bulk drag coefficient to drag coefficient does not change if the stroke of the motion is even smaller. On the contrary, even the density is very small, the ratio of bulk drag coefficient to drag coefficient changes when the stroke of the motion is larger than the distance.
These results lead to the fact that the ratio of bulk drag coefficient to drag coefficient is not a function of S/D, but would be a function of 2a/S. However, it has to be noted that this non-dimensional parameter 2a/S does not include the effect of the diameter of cylinder, which might affect the bulk drag coefficient, so it is necessary to conduct a further investigation. 
CONCLUSIONS
Bulk drag coefficient in rigid dense vegetation was investigated mainly by using a three dimensional numerical simulation model CADMAS-SURF/3D by incorporating Immersed Boundary Method and Large Eddy Simulation. From the validation, all the results obtained in this paper (Re=300, 3,900 and 8,000) show good agreement with the reference data in literature, which indicates that the models developed for this study were successfully installed and can reproduce the flow around a cylinder and drag coefficient in Cartesian grid.
From the numerical simulation of bulk drag coefficient in multiple cylinders, it was concluded that the ratio of bulk drag coefficient of multiple circular cylinders to drag coefficient of a single circular cylinder, which represents a reduction, is not just a function of density but a function of parameter 2a/S, in which 2a is stroke of the motion and S is cylinder distance. When 2a is less than S, the effect of the density is neglected because the wake does not reach the other cylinders even when the density is high. On the contrary, it might affect the ratio of bulk drag coefficient to drag coefficient when the stroke of the motion is larger than the cylinder distance even if the density is low. In general, the ratio of bulk drag coefficient to drag coefficient becomes low when 2a/S becomes high. However, it is assumed that the reduction in drag coefficient, namely the ratio of bulk drag coefficient to drag coefficient, has a lower limit because the bulk drag coefficient in oscillation flow for the very large 2a/S would become similar to the one in flow like in Nepf (1999) . In this study it was not possible to define the rate of drag coefficient decrease because of data limitations and the variety of KC and Re was limited. However, it is necessary for further study in this subject to improve the estimation of wave dissipation over multiple cylinders such as in mangrove forests (Narayan 2009 ) and shrub communities (de Oude et al. 2010) .
RECCOMENDATIONS
 In this study, the number of the calculation is limited to 3 cases and these cases are also limited to small KC number (KC=5). It is necessary to investigate more cases with variable KC numbers so as to cover wide range of 2a/S.  According to Nepf (1999) , bulk drag coefficient depends on the array of cylinders. Therefore the effect of the configuration of the array also needs to be investigated.  It has to be noted that this non-dimensional parameter 2a/S does not include the effect of the diameter of cylinders, which might affect the bulk drag coefficient, so it is necessary to conduct a further investigation.  Since this model can be extended to movable structures, it might be possible to conduct a simulation for flexible vegetation.
